Recently, members of the Rad and Gem/Kir-related family of small GTPases have been shown to decrease current, although the mechanism remains poorly defined. In this study, we evaluated the contribution of the L-type Ca channel ␣-subunit (CaV1.2) to CaV␤2-Rem inhibition of Ca channel current. Specifically, we addressed whether protein kinase A (PKA) modulation of the Ca channel modifies CaV␤2-Rem inhibition of Ca channel current. We first tested the effect of Rem on CaV1.2 in human embryonic kidney 293 (HEK-293) cells using the whole cell patch-clamp configuration. Rem coexpression with CaV1.2 reduces Ba current expression under basal conditions, and CaV␤2a coexpression enhances Rem block of CaV1.2 current. Surprisingly, PKA inhibition by 133 nM H-89 or 50 M Rp-cAMP-S partially relieved the Rem-mediated inhibition of current activity both with and without CaV␤2a. To test whether the H-89 action was a consequence of the phosphorylation status of CaV1.2, we examined Rem regulation of the PKA-insensitive CaV1.2 serine 1928 (S1928) to alanine mutation (CaV1.2-S1928A). CaV1.2-S1928A current was not inhibited by Rem and when coexpression with Ca V␤2a was not completely blocked by Rem coexpression, suggesting that the phosphorylation of S1928 contributes to Rem-mediated Ca channel modulation. As a model for native Ca channel complexes, we tested the ability of Rem overexpression in HIT-T15 cells and embryonic ventricular myocytes to interfere with native current. We find that native current is also sensitive to Rem block and that H-89 pretreatment relieves the ability of Rem to regulate Ca current. We conclude that Rem is capable of regulating L-type current, that release of Rem block is modulated by cellular kinase pathways, and that the Ca V1.2 COOH terminus contributes to Rem-dependent channel inhibition. cardiac myocyte; monomeric GTPase; Rad and Gem/Kir-related family; insulin-secreting cell; calcium imaging; heart development CARDIAC L-type Ca channel (Ca V 1.2) current is a major determinant of excitable cell function, and Ca V 1.2 function is tightly regulated by intracellular signaling systems. Ca V 1.2 is both an initiator and integrator of diverse signaling pathways. As an initiator of cell signaling, Ca V 1.2 regulates cytosolic Ca entry and cell excitability. As an integrator of cell signaling, a diverse array of intracellular pathways, including but not limited to PKA, CaM, CaMK, and protein phosphatase 2B, regulate Ca channel function. For example, PKA mediates phosphorylation of Ca V 1.2 on the COOH terminus, leading to a marked increase of Ca channel current (18).
phorylation of Ca V 1.2 on the COOH terminus, leading to a marked increase of Ca channel current (18) .
The cardiac L-type Ca channel complex consists of multiple subunits, Ca V 1.2 being the main pore-forming ␣-subunit (8) . In addition, auxiliary subunits in the heart include Ca V ␤2 and ␣2-␦ subunits. All of the subunits contribute to shaping the kinetics and voltage dependence of channel gating (8, 16, 28, 29, 32) . However, Ca V ␤2 has the important role of enhancing Ca channel expression levels in myocytes (12, 51) and in heterologous expression systems (6, 10, 24, 52) . Within the Ca V ␤2 family, Ca V ␤2a most effectively retards voltage-dependent inactivation of current (49) . Thus the time course of current decay can serve as index of the degree of Ca V ␤ interaction with functioning channels. We recently described the members of the Rad and Gem/Kir-related (RGK) family of small G-binding proteins as a novel class of Ca channel regulators. RGK proteins include Rem, Rem2, Kir/Gem, and Rad. RGK GTPases bind to Ca V ␤ (1, 20) and inhibit Ca V 1 current expression in muscle cells (20) and in heterologous expression systems (1, 20) .
RGK protein overexpression can be used as an extrinsic mechanism for native cardiac Ca channel block (34) . The RGK protein Rem (19) is expressed in cardiac tissue, yet Rem coexpressed with Ca V ␤2 prevents expression of L-type Ca current (I Ca,L ) (1, 20) . This raises the puzzling question of how excitable cells maintain I Ca,L in the presence of endogenous RGK proteins such as Rem. One possibility is that Rem-Ca V ␤ regulation of I Ca,L is regulated by intracellular signaling systems. Initial work on RGK inhibition of I Ca,L investigated only Ca V ␤ interaction (1, 20, 21) , and initial studies focused on RGK-Ca V ␤ interactions-including possible regulation by binding to calmodulin (1) or 14-3-3 proteins (3). All of these studies indicated that RGK regulation of I Ca,L involves Ca V ␤, but the contribution of Ca V 1.2 remains to be explored.
PKA modulation is a physiologically important mechanism of Ca channel function in diverse excitable tissues such as heart muscle and pancreatic beta cells. PKA increases Ca current via phosphorylation of a serine residue on the COOH terminus distal to the calmodulin interaction sites of Ca V 1.2 (8) . Using pharmacological and site-directed mutagenesis approaches, we tested the hypothesis that Rem block of Ca channel expression is not an all-or-none effect but rather a regulated process. Our results show that the Ca V 1.2 COOH terminus, in particular, serine 1928 (S1928) on the COOH terminus, contributes to Rem reduction of Ca current. This property is recapitulated in two divergent native cell systems, suggesting a novel and perhaps universal mechanism for long-term regulation of Ca current levels by the coordinated actions of RGK GTPases and the phosphorylation status of excitable cells.
MATERIALS AND METHODS

Adenoviral
Rem production. Replication-deficient recombinant adenoviruses coexpressing green fluorescent protein (GFP) and wildtype Rem were constructed as described (20) . HIT-T15 cells were infected at 1 ϫ 10 7 placque-forming units/ml and analyzed 24 h postinfection, a time point that allowed maximal Rem protein expression (21) .
Plasmids and mutagenesis. Ca V1.2 plasmid (kindly provided by Dr. T. Kamp, University of Wisconsin) was identical to the originally cloned full-length rabbit cardiac ␣1C-subunit (33) except for alternative splicing in domain IV S3 (47) . Ca V␤2a plasmid (kindly provided by Dr. E. Perez-Reyes, University of Virginia) was identical to rat (38) and contains the two cysteines residing in the D1 domain associated with palmitoylation. The Ca V1.2 serine 1928 to alanine (S1928A) mutation was created by using the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions, using full-length Ca V1.2 cloned into pCC1GW1H as template. Mutation of S1928 was verified by DNA sequence analysis. GFP-Ca V1.2 was kindly provided by K. Beam (Colorado State University, Fort Collins, CO) and is fully described by Grabner et al. (27) . For confocal microscopy, cells were fixed 2-3 days after transfection. Cells were washed three times with PBS supplemented with 1 mM CaCl 2 and 1 mM MgCl2 and then fixed in 4% paraformaldehyde on ice for 20 min. Cells were then washed three times with PBS and mounted on slides with Vectashield. For examination of GFP-Ca V1.2 distribution, GFP-CaV1.2 was expressed alone, coexpressed with either hemagglutinin (HA)-tagged Rem or Flag-tagged CaV␤2a, or coexpressed with both HA-tagged Rem and Flag-tagged Ca V␤2a. GFP-CaV1.2 was visualized by using a Leica laser scanning confocal inverted microscope equipped with argon laser to excite the cells at 488 nm and emission long-pass filtering Ͼ505 nm. The cellular distribution of GFP-Rem was examined by using a similar experimental protocol, except that GFP-Rem was expressed alone, cotransfected with a vector expressing untagged Ca V1.2 or Flag-tagged CaV␤2a, or coexpressed with both untagged CaV1.2 and Flag-tagged CaV␤2a.
Electrophysiology. HEK-293 cells were transiently transfected with plasmids 12-48 h before recordings were performed, as previously described (55) . Transfected cells were identified by the expression of GFP. The whole cell configuration of the patch-clamp technique was used to measure ionic current. Patch electrodes with resistances of 1-2 M⍀ contained (in mM) 110 K-gluconate, 40 or Ba 2ϩ as the charge carrier. All recordings were performed at room temperature (20 -22°C). We used post hoc Student's t-test to test for significance between control and experimental groups.
Chronic H-89 is defined as 133 nM H-89 added at the time of plasmid transfection in HEK-293 cells. This concentration was maintained 18 -24 h. Immediately before recording was performed, H-89 was washed out. The washout period ranged from 11 to 30 min.
Current-voltage (I-V) relationships were evaluated by voltageclamp protocols consisting of 5-s duration holding potential at Ϫ80 mV followed by test depolarizations ranging from Ϫ90 to ϩ60 in 5-mV increments with a 5-s interpulse interval. Test depolarization duration was either 225 ms (Figs. 1, 3 , 4, and 5) or 800 ms in later experiments (Fig. 6 ). This protocol was initiated Ͼ2 min after patch break and was repeated at least twice to confirm stability of the amplitude. Each protocol required ϳ3 min to complete.
Embryonic ventricular myocyte tissue harvest or cell culture. All animals and animal procedures used in this study were approved by the University of Kentucky Institutional Animal Care and Use Committee. E10 mouse (ICR outbred strain, Harlan) hearts were dissected free of connective tissues, and ventricles were separated from conotruncus and sinus venosus. For cell electrophysiology, cells were enzymatically dispersed and cultured as previously described (15) . Briefly, 10 -40 embryos were minced and quickly transferred to nominally Ca-free digestion buffer containing 0.5 mg/ml collagenase (type II, Worthington) and 1 mg/ml pancreatin for two 15-min cycles. Digested tissue yielded a large fraction of single spontaneously beating cells in culture media consisting of DMEM ϩ 10% FBS. Cells were infected with adenovirus at 100 multiplicity of infection within 24 h of dispersal. Adenoviral exposure was limited to 16 h. Adenovirus-infected cells were identified by GFP fluorescence and recorded 48 -72 h after initial viral exposure. To positively identify a cell as a cardiac myocyte, we relied on an embryonic ventricular myocyte ionic current signature primarily consisting of a large sodium current (I Na) in normal Tyrode solution as our selection criterion. To isolate ICa,L, the bath was then changed to Na-free bath solution (see Embryonic ventricular myocyte tissue harvest).
HIT-T15 cells were dispersed and infected similarly to embryonic ventricular myocytes, with the exception that HIT-T15 cell media consisted of Ham's F-12 ϩ 10% dialyzed horse serum ϩ 2.5% FBS.
Cytosolic calcium imaging. Cardiac myocytes were loaded with 2 M fura-2 AM for 8 min in a 10% CO2 incubator and then deesterified in Tyrode solution for ϳ20 min. Spontaneous Ca transients were recorded from the annulus of the photometry tube focused on a single cell or a cell cluster. All recordings were performed at 37°C. The cells were excited with light of 340-nm and 380-nm wavelengths. The images obtained at 340 nm and 380 nm were divided pixel by pixel, and the ratio data were reported. Data were collected and analyzed with IonOptix (Milton, MA) hardware and software. Additional offline transient analysis was performed with custom routines written in MatLab (Northampton, MA).
Real-time RT-PCR. Total RNA was isolated by using the RNAqueous Ϫ4PCR kit (Ambion) and quantitated spectrophotometrically at 260 nm. Contaminating genomic DNA was eliminated by DNase treatment (Ambion). A portion of the resulting RNA (1 g) was immediately used as a template for cDNA synthesis. Reverse transcription was performed with the use of the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). Removal of genomic DNA was confirmed by preparing a no reverse transcription control for each sample. cDNA was then stored at Ϫ20°C. Purified Rem-GFP plasmid (19) was quantified by using the PicoGreen (Molecular Probes) quantification method. With the molecular weight of the plasmid and insert known, it was possible to calculate the copy number. Knowing the copy number and concentration of plasmid DNA, the precise number of molecules added to subsequent real-time PCR runs was calculated. Real-time PCR was performed in 96-well optical plates in triplicate using an ABI 7700 Sequence Detector. Samples (0.2 ng cDNA) were prepared using the TaqMan PCR core reagent kit (Applied Biosystems), with the following primer and probe sets: GAPDH: forward 5Ј-ATGTTCCAGTATGACTCCACTCACG-3Ј, reverse 5Ј-GAAGACACCAGTAGACTCCACGACA, probe 5Ј-FAM-AAGCCCATCACCATCTTCCAGGAGCGAGA-TAMRA-3Ј; CaV1.2: forward 5Ј-CACCGTCTCCACCTTCGAA-3Ј, reverse 5Ј-CTTGTCTTCTGTGTGGGAGTCAAT-3Ј, probe 5Ј-FAM-TGGCCAGAGCTGCTGTACCGCTC-TAMRA-3Ј; CaV␤2: forward 5Ј-CATTTGCAGTTCGGACCAATG-3Ј, reverse 5Ј-GCACCG-GAACGTCATCCT-3Ј, probe 5Ј-FAM-CAGATACAGCGCAGCC-TAMRA-3Ј; Rem: forward 5Ј-GCGCCTACGTCATCGTGTACT-3Ј, reverse 5Ј-TCCGAGGCGCTCTCAAAG-3Ј, probe 5Ј-FAM-CATAGCGGATCGCAGCA-TAMRA-3Ј. Samples were cycled for 50 cycles using an ABI 7700 Sequence Detector (Applied Biosystems). Cycle conditions were as follows: 2 min at 50°C, 10 min at 95°C followed by 50 cycles of 15 s at 95°C, and 1 min at 60°C. A standard curve was generated from dilutions of the Rem plasmid by plotting the natural log of the threshold cycle (C T) against the natural log of the number of molecules. The CT was defined as the cycle at which a statistically significant increase in the magnitude of the signal generated by the PCR reaction was first detected. C T was calculated under default settings for the real-time sequence detection software (Applied Biosystems). To maximize accuracy, dilutions were made over the range of copy numbers that included the amount of target cDNA expected in the experimental cDNA samples. Specific calcium channel component cDNA molecules present in the experimental cDNA were calculated from the standard curve.
RESULTS
Regulation of Ca channel current by Rem.
It is now established that Rem inhibits I Ca,L and that Rem interacts with Ca V ␤ (20, 21), but the question of whether L-type channel ␣-subunit contributes to Rem regulation of I Ca,L is unexplored. Therefore, we initially tested the effect of Rem on I Ca in the absence of exogenous Ca V ␤ expression. Ca V 1.2 expressed alone traffick to the plasma membrane (26) and allows measurement of Ba current (Fig. 1A ). Rem coexpression significantly decreases peak inward current density by 64% compared with Ca V 1.2 expressed alone [from 10.3 Ϯ 1.9 (n ϭ 15) to 3.7 Ϯ 0.5; P ϭ 0.003; n ϭ 14; Table 1 ]. The I-V relationship shows no Rem-induced-shift of peak current or obvious voltage dependence (Fig. 1A) . Coexpression of Ca V ␤2a with Ca V 1.2 increases peak current density approximately 10-fold and shifts the peak voltage approximately Ϫ10 mV (compare Fig. 1, A  and B) . In contrast to the partial block of I Ca by Rem alone, coexpression of Rem, Ca V ␤2a, and Ca V 1.2 results in the complete absence of detectable current (20) . The time course of current decay is an index of Ca V ␤2a regulation of Ca V 1.2 function. Figure 1C shows the current time course for Ca V 1.2 alone superimposed on that coexpressed with Rem; Fig. 1D shows the well-established inactivation slowing induced by Ca V ␤2a. At 200 ms after the onset of the depolarization, ϳ75% of the peak current remains for Ca V 1.2 alone, and Rem coexpression had no effect on inactivation kinetics ( Ca V ␤2a has predominant plasma membrane localization (49) . It has been suggested that Ca V ␤s, in general, function by masking an endoplasmic reticulum retention domain on Ca V 1.2 (5), although recent studies of Ca V ␤ suggest that the original model must be refined to account for both Src homology 3 and GK domains of Ca V ␤ that are required to reconstitute ␣-subunit trafficking (50) . Given our recent unpublished finding that Rem interacts with the GK domain of Ca V ␤2 (B. S. (21); and 3) labeled peptide toxin studies showed cell surface expression of Ca V 2.2 in the presence of exogenous Rem2 expression (9) . We tested this further by measuring the fluorescence distribution of transiently transfected cells expressing GFP-Ca V 1.2 fusion protein alone, coexpressed with either Flag-tagged Ca V ␤2a or HA-tagged Rem, or coexpressing both Flag-Ca V ␤2a and HA-Rem. Figure 2 (top), shows the distribution of GFP-Ca V 1.2. Fluorescence is punctate and excluded from the nucleus. GFP-Ca V 1.2 ϩ Ca V ␤2a coexpression, a condition that yields ionic current, does not show enriched plasma membrane localization. Most importantly, the fluorescence pattern of GFP-Ca V 1.2 is unchanged regardless of coexpression of Ca V ␤2a, Rem, or the combination of Ca V ␤2a 
Ϫ4.5Ϯ2.5 (6) Ϫ8.3Ϯ1.8 (9) Ϫ61.4Ϯ20.9 (6) Ϫ3.4Ϯ ( and Rem. GFP-Rem fluorescence is enriched in the plasma membrane, although a mixture of diffuse and punctate fluorescence is noted in the cytosol (Fig. 2, Figure 4A shows that H-89 progressively decreases Ba current, without altering the inactivation kinetics (Fig. 4B) . This finding is consistent with the notion that Ca V 1.2 is constitutively modulated by active PKA in HEK-293 cells.
We next performed a series of experiments to test whether the phosphorylation state of Ca V 1.2 modulates Rem regulation of Ca channels. Although H-89 modulation of Ca channel current occurs within seconds, the Rem obliteration of detectable current may occur over the hours of de novo channel complex formation. Therefore, we first treated transfected HEK-293 cells for ϳ18 h with H-89 (133 nM) to test whether steps leading to reduced channel function were governed by H-89-sensitive and Remsensitive processes. Given that acute H-89 exposure severely reduces current [ Fig. 4 (39) ], we then washed out H-89 20 -45 min before initiating patch-clamp recordings. Chronic H-89 exposure reduced Ca V 1.2 ionic current. In contrast, chronic H-89 pretreatment prevented Rem inhibition of peak I Ca (Fig. 5A) . Although H-89 tended to increase peak current density in Rem ϩ Ca V 1.2-expressing cells compared with cells expressing Ca V 1.2 alone, this difference was not significant. Neither the peak I-V relationship nor current kinetics was altered by chronic H-89 in Rem ϩ Ca V 1.2-expressing cells (Fig. 5, A, D, and G) . These data suggest that Rem-mediated channel blockade of Ca V 1.2 current is enhanced by an H-89-sensitive modulation of Ca V 1.2. Thus, in the presence of Rem GTPase, PKA activity can decrease, rather than increase, current.
Rem block of current expression is complete when coexpressed with Ca V ␤2a. We therefore extended our studies to evaluate whether H-89 can override this profound block of Ca V 1.2 current in HEK cells coexpressing Rem ϩ Ca V ␤2a. Overnight incubation of cells with H-89 reduces Ca V 1.2 ϩ Ca V ␤2a current (measured after 20 -45 min washout) 67% (from 25.7 Ϯ 2.5 to 8.5 Ϯ 5.3 pA/pF; data for 2.5-mM Ba control current not shown). This fractional decrease is in parallel with experiments in the absence of Ca V ␤2a (Figs. 1A and 5A, solid squares), and these data suggest that the H-89 fractional current reduction is independent of Ca V ␤2a coexpression. Rem ϩ Ca V ␤2a coexpression completely blocks current, and H-89 reduces current in the absence of Rem. Thus it is surprising that H-89 incubation partially relieved the Rem-Ca V ␤2a block of current expression (Fig. 5B ). As higher concentrations of H-89 have been reported to inhibit kinases in addition to PKA, we repeated these experiments with RpcAMP-S, a second relatively selective competitive inhibitor of PKA. H-89 and Rp-cAMP-S (applied for Ͼ18 h) had similar actions, namely, restoration of detectable current with Rem ϩ Ca V ␤2a coexpression (Fig. 5, B and C) . The current restored by H-89 had kinetics that inactivated with the same time course as that observed in the absence of Ca V ␤2a expression (Fig. 5, 
E and H).
Given that H-89 has no effect on inactivation kinetics, but Ca V ␤2a coexpression does, the data suggest that H-89 restores Ca V 1.2 current with Ca V ␤2a functionally dissociated with respect to channel kinetics modification. This kinetic distinction differs from the Rp-cAMP-S restored current (Fig. 5, F and I) (18, 23) . To evaluate the specificity of our pharmacological experiments, we next tested Rem regulation of the Ca V 1.2 PKA phosphorylation-deficient mutant (Ca V 1.2-S1928A). Peak current density of Ca V 1.2-S1928A was ϳ75% of that for wild-type ␣-subunit (Table 1) . Rem coexpression had no effect on current density of Ca V 1.2- S1928A (Fig. 6A) , and H-89 incubation had no further effect (Fig. 6B) . Figure 6C illustrates the difference in response to Rem coexpression for wild-type versus S1928A mutant ␣-subunit. As seen with the wild-type channels, Ca V ␤2a coexpression slows macroscopic current decay of the S1928A mutant channel (Fig. 6, D and G) . However, Rem coexpressed with Ca V ␤2a resulted in inactivation kinetics that was intermediate between Ca V ␤2a slowing and that for Ca V 1.2 alone (Fig. 6E) . In summary, these data show that Rem-dependent regulation of the S1928A mutant channel is significantly different from the wild-type channel (Fig. 6C) , and these differences are consistent with the notion that the phosphorylation of Ca V 1.2 enhances Rem block of I Ca,L .
Modulation in native cells. Ca channels are a complex of several proteins. Therefore, we next sought native cell systems to confirm results from the simplified heterologous expression of Ca channels in HEK-293 cells. HIT-T15 cells are insulinsecreting cells that express predominantly Ca V 1.2 (30, 44) . These cells express consistent levels of Ca current, are efficiently infected with recombinant adenoviruses, and are easily cultured for several days. First, to test the ability of Rem protein to inhibit Ca V 1.2 current, we infected cells with either Fig. 6 . CaV1.2 phosphorylation site serine 1928 (S1928) contributes to Rem regulation of CaV1.2 current. In all panels, PKA phosphorylation-deficient CaV1.2 mutant S1928 to alanine (S1928A) is expressed. A: Rem has no effect on CaV1.2-S1928A current. Peak current density-voltage plot of CaV1.2-S1928A (solid squares) and CaV1. a control adenovirus expressing GFP alone (Ad.control) or an adenovirus coexpressing wild-type Rem and GFP (Ad.Rem). Figure 7A shows that Rem overexpression completely blocks Ca channel current in HIT-T15 cells. Our heterologous expression studies suggest that PKA inhibition should decrease the control current but should act to reverse Rem-mediated current inhibition. Figure 7B shows current-voltage curves demonstrating that, in the presence of H-89 pretreatment, there is Ca channel current despite exogenous Rem expression. The decrease of current by H-89 under control conditions (compare closed squares of Fig. 7, A and B) is anticipated on the basis of a reduced phosphorylation of Ca V 1.2 by inhibition of PKA.
Thus an H-89-sensitive pathway plays a crucial role in Remdependent Ca channel regulation in this cell line.
Embryonic ventricular myocytes express mRNA for Rem and Ca V ␤2 (Fig. 8A ) and thus are a desirable native model system to address the complex interplay between Rem and ionic current. Adenovirus-mediated Rem overexpression results in Ͼ3 order of magnitude increase of Rem mRNA but caused no significant changes in Ca V ␤2, Ca V 1.2, or Na V 1.5 mRNA. Rem overexpression inhibits spontaneous beating and Ca transients (Fig. 8, B and C) . In Ad.control-infected embryonic ventricular myocytes, 17 of 21 cells exhibited spontaneous global Ca transients (Table 2 ). In contrast, Ad.Reminfected embryonic ventricular myocytes failed to display spontaneous Ca transients in all cells tested (n ϭ 21; Table 2 ). Nifedipine (10 M) also inhibits spontaneous Ca transients in control cell clusters (not shown). This confirms the essential role of Ca V 1.2 and/or 1.3 channels for spontaneous activity. To determine the minimum H-89 pretreatment duration required to release Rem block of Ca channel current, we incubated cells for 1 h, followed with a washout period of at least 45 min, and observed spontaneous Ca transients in only 1 of 6 cell clusters tested (Table 2) . However, a 2-h H-89 pretreatment, followed by 20-to 25-min washout period, restored spontaneous Ca transients in embryonic ventricular myocytes infected with Ad.Rem (Fig. 8D and Table 2 ). These results are consistent with that observed in heterologous expression (Figs. 1-6 ) and HIT cell studies (Fig. 7) and show that an H-89-sensitive pathway modulates Rem regulation of Ca channels on a rather slow timescale.
To directly measure I Ca,L , we voltage clamped single cells in the whole cell configuration. Representative Ad.control-infected cell currents are shown in Fig. 9A . The current noticeably activates at ϳϪ25 mV and decays slowly with sustained depolarization. Infection of cells with Ad.Rem significantly reduces I Ca,L compared with that from Ad.control cells (for V test 0 mV I Ca,L ϭ Ϫ3.1 Ϯ 0.6 pA/pF, or Ϫ0.5 Ϯ 0.2 pA/pF for Ad.control or Ad.Rem, respectively, P ϭ 0.02; Fig. 9D ). We next tested for the ability of long-term H-89 exposure to reverse Rem-induced I Ca,L inhibition. For these studies, H-89 was applied for 6 h to Ad.Rem-infected cells, media containing H-89 were removed 30 -60 min before recording was performed, and recordings were initiated in the absence of H-89. After H-89 pretreatment, Ad.Rem-infected cells compared with Ad.control cells exhibited I Ca,L peak amplitudes that tended to be larger but were statistically indistinguishable from those for Ad.control cells (Fig. 9E) . One point of complexity is that mouse embryonic ventricular myocytes express multiple Ca channel types, principally, I Ca,L carried by Ca V 1.2 (45), and T-type Ca current (I Ca,T ) carried by Ca V 3.1d (15) . Ba 2ϩ as the charge carrier and EGTA in the pipette dramatically slows macroscopic I Ca,L decay but does not appreciably alter voltagedependent inactivation of I Ca,T (14) . In embryonic ventricular myocytes, I Ca,T inactivates with a time constant of ϳ14 ms for V test positive to Ϫ30 mV (7, 15, 42) . To eliminate possible I Ca,T contamination, we therefore replotted the I-V relationship with isochronal current 80 ms after onset of V test to allow for Ͼ95% inactivation of I Ca,T . The isochronal I-V shows larger I Ca,L in Ad.Rem cells pretreated with H-89 compared with those that were not treated. Taken together with the heterologous expression studies, we therefore conclude that the phosphorylation status of Ca V 1.2 is an important contributor to Rem block of Ca channel current in native cells.
DISCUSSION
This study demonstrates a novel mechanism for L-type Ca channel functional regulation. Rem ϩ Ca V ␤ coexpression completely blocks Ca channel current in HEK-293 cells (1, 20) , but Rem-Ca V ␤2a-inhibited current can be restored by either pharmacological inhibition of PKA signaling (H-89 or Rp-cAMP-S) or site-directed mutagenesis of the PKA phosphorylation site within the Ca V 1.2 subunit (S1928A). Treatment with H-89 and Rp-cAMP-S yields slightly different basal current, suggesting the possibility of additional cellular targets beyond PKA. Nonetheless, two pharmacological manipulations and the results with the S1928A mutant share PKA as a common effector. Thus we suggest that the phosphorylation status of Ca V 1.2 contributes to Rem regulation of the Ca channel complex. The second principal finding is that Rem, in the absence of exogenous Ca V ␤ expression, can inhibit Ca V 1.2 current. The third major finding is that, in a pancreatic ␤-cell line and in primary cultures of isolated cardiac embryonic ventricular myocytes, exogenous Rem blocks I Ca,L , and longterm treatment with H-89 can reverse this effect. A key principle is that PKA modulation of Rem block of I Ca,L is occurring over a relatively long time frame compared with well-studied acute channel modulation by PKA. Interestingly, our data suggest that, in the long term, PKA enhances Rem block of I Ca,L , and this is opposite the well-characterized effect of acute PKA stimulation of I Ca,L .
Bimodal modulation of Ca V 1.2 by PKA. Acute activation of PKA increases Ca V 1.2 current and is reversible by acute addition of H-89 (37, 39) . The rapid rundown in the presence of H-89 has previously been interpreted as a consequence of dephosphorylation of a protein in the Ca channel complex (39) . However, our data support a model in which PKA phosphorylation of Ca V 1.2 promotes Rem-mediated block of Ca channel current. These findings suggest that PKA has bimodal effects on Ca channel current. In the face of relatively high Rem expression, S1928 phosphorylation promotes a paradoxical decrease of current. In the absence of Rem, S1928 phosphorylation causes a well-described increase of current (Fig. 5) . Thus PKA signaling serves to enhance Ca currents via direct phosphorylation of the channel complex but also plays an essential role in RGK GTPase family-dependent negative regulation of L-type Ca channel activity. We speculate that longterm Rem downregulation of I Ca,L is a homeostatic regulator of current that is increased via PKA stimulation. Studies are ongoing to determine whether a similar mechanism serves to regulate other RGK family proteins.
Mechanism of Rem block of Ca channel expression. Ca V ␤2 subunits promote trafficking of Ca V ␣-subunits to the cell surface; in this regard, the palmitylated Ca V ␤2a is highly efficient (11) . Ca V ␤2a also adds the distinctive functional feature of retarding voltage-dependent inactivation in heterologously expressed channels (26) and in native systems (12) . In the absence of Ca 2ϩ , Ca V ␤2a-modified channels inactivate less than either Ca V 1.2 alone or Ca V 1.2 coexpressed with other Ca V ␤ proteins. We therefore can use current decay kinetics as an index of Ca V ␤2a-␣-subunit functional interaction. For the wild-type channel coexpressed with Rem and Ca V ␤2a, the current that was restored by H-89 pretreatment tended to display decay kinetics reflective of ␣-subunit expression alone (Fig. 5 ). This would be consistent with models invoking either Rem blocking Ca V ␤2a-directed trafficking of ␣-subunit to the surface membrane or Rem preventing Ca V ␤2a modulation of a preformed ␣-␤ channel complex at the surface membrane. In the former model, ␣-subunit-only Ca channels populate surface membrane. Support for the latter mechanism is the observation that the Ca V 1.2-S1928 mutant channel current has intermediate inactivation kinetics when compared with either ␣-subunit alone or ␣ ϩ Ca V ␤2a-expressed I Ca . The inclusive explanation is that both general mechanisms of current block may exist. The data regarding a trafficking-related mechanism remain controversial. Recent biochemical studies with another RGK family member, Rem2, demonstrate that Rem2 does not prevent cell surface accumulation of Ca V 1.2 (21) and Ca V 2.2 (9), but contradictory results obtained by surface immunofluorescence were reported by others for Rad and Rem (4), Rem2 (2), and Kir/Gem (3). We suggest that this immunostaining technique may be less sensitive to low levels of cell surface expression than the other techniques. Our justification for this speculation is that Ca V 1.2 expressed alone in HEK-293 cells shows ionic current, but Ca V 1.2 cell surface expression is not detectable in the HA-immunostaining assay used by Beguin and colleagues (3). Thus RGK proteins do not necessarily block Ca 2ϩ channel current by preventing transport to the plasma membrane. Ca V ␣-␤ subunit interaction stoichiometry is 1:1 (17) , and recent studies show Ca V ␤2a enhances Ca channel modulation via secondary binding sites (31) . This notion is consistent with our data suggesting that Ca V 1.2, particularly the phosphorylation of the COOH-terminal S1928, may contribute to the combined Rem-Ca V ␤ modulation of I Ca,L . In our working model, we suggest that a putative Ca V ␤2a-Rem-Ca V 1.2 complex is enhanced by Ca V 1.2 phosphorylation. In such a dynamic model, there are theoretically four possible channel combinations: a complex of ␣-␤-Rem, ␣-␤, ␣-alone, or ␣-Rem. ␣-␤-Rem should yield no current and ␣-␤ will yield large-amplitude current with slow inactivation, whereas ␣-Rem or ␣-alone would yield small current with faster inactivation. Why then does ␣(S1928A)-␤-Rem yield current with intermediate kinetics? The simplest explanation is that S1928 phosphorylation status enhances ␤-Rem-mediated current blockade, and in the absence of phosphorylation of ␣-S1928, ␤-Rem is less likely to complex with ␣-to completely block current. Thus we speculate that the functional impact of Rem in complex with the channel is to inhibit channel gating and channel kinetics, in part, via modulation of accessory subunit interactions. A second noncompeting idea is that Rem may function to promote retrograde transport, thus destabilizing plasma membrane localization of the Ca channel complex. Impetus for this suggestion is the Ͼ1-h time course of H-89 required for restoration of current (Table 2) . This suggests the possible presence of a cycling pool of Ca channel complexes that exhibit H-89-sensitive regulation. The data from our present study motivate future studies to delineate the mechanisms revealed by RGK block, and H-89 release of Rem block of Ca channel current.
Contribution of I Ca,L to embryonic ventricular myocyte function. In mature, nonpathological heart cells, Ca V 1.2 apparently is the only voltage-gated Ca channel underlying I Ca,L , whereas I Ca,T is reexpressed in adult pathological states (36) . In adult myocytes, as in heterologous expression systems, I Ca,L and I Ca,T can be separated by either the relatively high-versus low-voltage activation range or by altering holding potential. However, in embryonic ventricular myocytes, I Ca,T activates at higher potential and thus overlaps with the activation range of I Ca,L (15) . I Ca,L also shows inactivation dependence that overlaps with I Ca,T . Such depolarizing shifts of voltage dependence in embryonic ventricular myocytes compared with mature preparations are shared by I Ca,T , I Na (13, 22) , and hyperpolarizationactivated current I f (40) . Thus, in embryonic ventricular myocytes, I Ca,L cannot be separated on the basis of voltage dependence but can be partially separated on the basis of kinetics. The key point is that kinetic-based separation requires the replacement of bath Ca 2ϩ with Ba 2ϩ . With Ca 2ϩ as the charge carrier, I Ca,L fast inactivation overlaps with that of I Ca,T , because of the relatively rapid Cadependent inactivation properties of the L-type Ca channel complex. However, I Ca,L with Ba 2ϩ as the charge carrier and with internal Ca buffered exhibits voltage-dependent decay that is Ͼ10-fold slower than I Ca,T . Finally, Ni 2ϩ is known to block I Ca,T but also has subunit composition-specific effects on I Ca,L (54). Thus we did not use Ni 2ϩ to discriminate between I Ca,T and I Ca,L in embryonic ventricular myocytes because of uncertainty of the effects of Ni 2ϩ might have on the I Ca,L of embryonic ventricular myocytes. Given the ambiguity of voltage dependence and potential nonselective effects of pharmacological reagents, we view Rem as an excellent discriminator between I Ca,L and I Ca,T . In heterologous expression systems, Rem blocks Ca V 1.2 channel current but has no effect on either Ca V 3.1 or Ca V 3.2 (20) . Thus our finding that Rem blocks spontaneous Ca transients suggests that Ca V 1.2 channels contribute trigger Ca to Ca-induced Ca release in embryonic ventricular myocytes. Moreover, in the presence of Ca V 1.2, channel block by Rem I Ca,T cannot compensate for L-type trigger Ca.
Physiological consequences of PKA enhancement of RGKchannel effects. A recent study (34) showed that focal application of RGK can serve as an effective therapy for local Ca channel block in the heart. Our present work shows that PKA phosphorylation of the ␣-subunit would be expected to enhance such block. Murata et al. (34) allude to a potential benefit of RGK block of Ca current in ailments such as hypertrophic cardiomyopathy. However, a common first-line treatment of hypertrophic cardiomyopathy and other related cardiac disorders often includes administration of ␤-adrenergic receptor blockade (48) . Given our present results, ␤-blockade would reduce the ability of Rem, and perhaps all RGK proteins, to inhibit Ca channel. Thus RGK as a Ca-entry blocking therapy may, in fact, be quite desirable, and our findings suggest that RGK therapy would have more effect for a sympathetic nervous system-stimulated heart.
The original observation that linked RGK to Ca V ␤ was in insulin-secreting cells (1) . Although controversial, the most convincing evidence shows that Ca V 1.2 is the essential secretagogue in insulin-secreting cells (43, 46) . Nutrient stimulation of insulin-secreting cells results in a well-established increase of cytosolic cAMP. This, in turn, results in cascades that, among the downstream targets, include increased PKA activity that increases Ca channel opening (see Ref. 35 for a review). Our results show that RGK in insulin-secreting cells add a negative feedback pathway to PKA-induced increases in Ca current. Indeed, our recent analysis of Rem2 function in ␤-islet cell function supports such a model (21) .
In summary, we show evidence for a novel mechanism by which PKA stimulation can paradoxically decrease L-type Ca current. We conclude that the phosphorylation status of Ca V 1.2 is a contributor to RGK inhibition of Ca channel current.
